An emerging area in environmental toxicology is the role that chemicals and chemical mixtures have on the cells of the human immune system. This is an important area of research that has been most widely pursued in relation to autoimmune diseases and allergy/asthma as opposed to cancer causation. This is despite the well-recognized role that innate and adaptive immunity play as essential factors in tumorigenesis. Here, we review the role that the innate immune cells of inflammatory responses play in tumorigenesis. Focus is placed on the molecules and pathways that have been mechanistically linked with tumor-associated inflammation. Within the context of chemically induced disturbances in immune function as co-factors in carcinogenesis, the evidence linking environmental toxicant exposures with perturbation in the balance between pro-and anti-inflammatory responses is reviewed. Reported effects of bisphenol A, atrazine, phthalates and other common toxicants on molecular and cellular targets involved in tumor-associated inflammation (e.g. cyclooxygenase/prostaglandin E 2 , nuclear factor kappa B, nitric oxide synthesis, cytokines and chemokines) are presented as example chemically mediated target molecule perturbations relevant to cancer. Commentary on areas of additional research including the need for innovation and integration of systems biology approaches to the study of environmental exposures and cancer causation are presented.
Introduction
The assessment of the cancer potential of chemicals has historically relied on in vitro genotoxicity assays and evaluation of tumor formation in rodents. This approach emphasizes the 'tumor initiation' properties of individual compounds and a one-at-a-time testing paradigm. This strategy, while experimentally robust, is highly reductionist and does not consider the complex and permutable pathogenesis of tumorigenesis. The complex pathogenesis of cancer has been synthesized into discrete aspects or hallmark features by Hanahan et al. (1) as the 'cancer hallmarks'. These cancer hallmarks are the features of carcinogenesis that encompass the multiple perturbations of the host and tissue anti-tumor defense mechanisms. Integrating this complex etiology into environmental cancer causation studies is an imposing challenge to the field. Over the past few decades, there has been a rapid expansion of chemicals in the human environment with ever-increasing exposure of humans to low-dose, mixtures of man-made chemicals. This is occurring in the absence of much needed attention and resources to innovate within the field of chemical carcinogenesis including expanding beyond genotoxicity and single agent research to the study of mixtures in biological systems as targets of chemicals in carcinogenesis.
As reviewed in refs. (2) (3) (4) , effective tumor immunity is provided through the pleiotropy or duality (polarity) of the immune system via the self-terminating and protective properties of acute inflammation or maintenance of balance in tumoricidal (yin) and tumorigenic (yang) properties of immune surveillance ( Figure 1 ). Tissue exposure to foreign elements induces specific and nonspecific local and/or systemic signals as a host defense response to protect the host. These immune 'perturbagens' are numerous and include pathogens, biological, chemical or environmental hazards (e.g. pollen, dust, prescription and over-the-counter drugs, asbestos, paints, detergents, hair sprays, cosmetics, food additives, pesticides), oxidized metabolites of chemical mixtures, as well as defective cells (e.g. senescent and cancerous cells). Whereas humans have evolved controlled responses to foreign pathogens, altered self and other naturally occurring plant exposures, it is less understood how man-made environmental chemicals impact the immune system. Emerging evidence suggests that chronic and mixed exposures to specific chemicals may act to disrupt or perturb the balance of highly evolved regulatory mechanisms of the immune system to deal with xenobiotics, altered-self and other exposures. While increasingly recognized as potentially important in disorders of the immune and nervous system, little attention has been given to the role of environmental chemicals as carcinogens that act through indirect effects on inflammatory response and resolution mechanisms.
Overview of inflammation and cancer

Inflammation enables tumor development
Inflammation is mediated by immune cells as an immediate defense in response to infection or injury by noxious stimuli. Innate immune cells such as neutrophils, mast cells, and macrophages possess receptors that signal the activation and production of an array of biologically active proteins and defense molecules in response to foreign substances as well as to damaged or altered self-molecules (2) . The infiltration of immune cells into sites of solid tumors, observed first by Rudolf Virchow in 1863, has for many years been pursued as a failed effort of the immune system to resist tumor development. Though this latter is true and the basis of tumor escape from immune surveillance, Virchow's idea that the immune cells associated with tumors reflected a role for these cells in the origination of cancer was the first to suggest that the immune cells 'themselves' were active participants in tumor development.
It is now well recognized that the presence of inflammatory cells commonly precedes tumor development (5) . Demonstration that inflammation plays a causal role in tobacco-related carcinogenesis, viral carcinogenesis and asbestos-associated carcinogenesis, highlights the significance of inflammation in tumorigenesis. Substantial evidence from both experimental models and human studies have demonstrated that inflammation fosters the development of tumors by acting on or with the cancer hallmarks identified by Hanahan et al. (1) . This includes effects on evasion of apoptosis, uncontrolled growth and dissemination, as well as altering/deregulating tumor immune surveillance. In fact, Colotta et al. (5) suggested that inflammation be considered a separate cancer hallmark, an idea supported in the update to the cancer hallmarks, where because of the broad acting role of inflammatory cells in tumor development, Hanahan et al. (6) conceptualized the role of inflammation as one of 'enabling' tumorigenesis.
As discussed by Khatami (3) , some of the earliest evidence for a direct association between inflammation and tumorigenesis were obtained in experimental models of acute and chronic at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from inflammatory ocular diseases. Analyses of a series of these studies led to one of the first reports on time-course kinetics of inflammation-induced 'phases' of immune dysfunction. These and the studies of others have led to the identification of at least three distinct inflammation response phases. During the acute phase, there is an initial response to an irritant or infectious organism that mimics the healing response to a wound or during an infectious process. This phase is often followed by an intermediate response phase that, in a healthy state, serves to down-regulate or dampen the acute response to resolve inflammation. Finally, there is a chronic response phase that, if unresolved, can have potent pathologic properties. As a consequence of persistence, a 'pro-inflammatory' state sustains the release of cytokines and chemokines with the capability of causing progressive alterations in the cellular and molecular composition of the microenvironment. This leads to elevated levels of promutagenic reactive oxygen (ROS) and reactive nitrogen species (RNS), alterations in the vasculature (e.g. vascular hyperpermeability, neovascularization, and angiogenesis), disturbances in mitochondrial function, and, importantly, the disruption of normal cell-cell signaling/cross-talk such as recruitment of macrophages with suppressive function to disable T cell-mediated tumor immunity. It is this chronically inflamed state or 'failed wound healing' response or localized 'system' response that has been identified as a common feature in tumor development and metastasis. Unresolved and persistent inflammation has been described as the loss of or deregulation in the balance between the 'yin' and 'yang' responses. The role of persistent inflammation as a contributing factor in tumorigenesis is well accepted and, in many cancers, thought to be a necessary component. Examples include a causal relationship between inflammation and infectious agent-associated cancers [e.g. hepatitis B and C virus (liver), human papilloma virus (e.g. cervix, anal) and the bacterium Helicobacter pylori (stomach)]. The relationship between cancer and inflammation is also supported by the elevated risk of cancer in chronic inflammatory conditions, such as colitis-associated colorectal cancer. Importantly, the cause-effect relationship between inflammation and cancer is a challenging concept as it implies that inflammation precedes the processes. However, current evidence widely suggests that in the case of cancer, which is a multi-step and complex process, inflammation is an integral component of the overall pathogenesis of disease at the microenvironment level that not only contributes in a causal way but also supports a permissive state for tumors to grow (6) . As such, it is important to recognize that tumor-associated inflammation (TAI) in solid tumors is itself a complex pathologic process, with contributions from classic immune cells as well as poorly characterized, cancer-associated fibroblasts and the epithelial tumor cell compartment.
Cellular mechanisms of inflammation and tumorigenesis
Over the past two decades, our understanding of inflammation in tumorigenesis has led to the identification of a number of molecules that are strongly linked to the development of human cancers (5, 7, 8) . Like tumorigenesis, tumor-promoting inflammation and TAI are the phenotypic product of a complex set of cellular and molecular interactions that result in an imbalance in local microenvironment cross-talk that is most analogous to an unresolved 'wound-healing' response (8) . The cellular and molecular composition of TAI has been the subject of a number of extensive recent reviews (5, 8) including work from co-author Khatami (2-4), which are abbreviated below and illustrated in Figure 1 .
A number of the cellular and molecular mechanisms involved in inflammation-induced tumor initiation, promotion, and progression are now well described (see examples in Box 1). Essential to these inflammation-induced changes at the cellular and tissue level is the diverse array of immune cell-derived effector molecules (Figure 1 ). Among the best characterized are the pro-inflammatory ROS and RNS, cytokines, chemokines and lipid-derived products of the inducible COX-2 in arachidonic acid metabolism, including the highly potent PGE 2 molecule.
Nitric oxide and ROS
At physiological levels, both ROS and RNS are important cell signaling molecules (9) . However, at high levels or with aberrant production, ROS and RNS are capable of causing considerable cellular damage resulting in cell injury, DNA damage and prompting an inflammatory response (10, 11) . During tumorigenesis, ROS and RNS have been characterized for their ability to induce a plethora of effects on cells and on the local environment that include DNA damage, adduct of cellular protein and lipids, and, in the absence of apoptosis at high levels, promotion of abnormal cell proliferation and transformation (8) . Considerable levels of ROS and RNS are produced by the innate immune system in response to tissue injury or damage. Thus, ROS and RNS produced in response to cell-damage by inflammatory cells, that unresolved have the potential to set up a vicious cycle leading to chronic and aberrantly high levels of ROS and RNS. These high levels and chronic exposure of cells to reactive species in tissue microenvironments from macrophages and mast cells are linked to a range of tissue pathologies, including neurodegenerative and autoimmune diseases, along with the propagation of mast cells that are thought to promote myeloid-suppressor cell expansion that inhibit tumor immunosurveillance as well as acting to enable the 'maintenance' of a tumor promoting microenvironment (8, 12, 13) . As such, uncontrolled or deregulated ROS or RNS production have been, and continue to be, investigated as biological indicators of exogenous and endogenous insults with cancer-causing potential, independent of their DNA-damaging potential.
Mitochondria are the primary source of intracellular ROS (8, 10) . A number of known carcinogens (e.g. benzene, halocarbons, nitrosamines, etc.) exert adverse human health effects by promoting inflammatory states as a consequence of ROS production (14) . Individuals exposed to chemicals that promote ROS, including asbestos, coal, arsenic, vinyl chloride, mustard gas, auto fumes, diesel soot, crystalline silica, inorganic dust and agricultural dusts, have a higher risk of lung and other cancers (15, 16) . A number of these chemicals are International Agency for Research on Cancer (IARC) group 1 carcinogens, primarily associated with their DNA-damaging or genotoxic effects. However, it is clear that DNA damage alone is not sufficient for the development of metastatic cancers (1, 6) and that environmental chemicals do not exist in isolation. As such, it is increasingly clear that, in addition to or independent of their genotoxic effects, the activity of a chemical or complex mixture to perturb ROS or RNS balance, should be considered when evaluating its carcinogenic capacity. A well-studied example of chemical mixtures in the environment that are capable of acting as ROS inducers is vehicle exhaust. It is through work on diesel exhaust particulates, a mixture of polycyclic aromatic hydrocarbons and metals, in animal model and cell culture that we have a reasonable mechanistic understanding of the relationship between ROS production and inflammation following exposure to diesel exhaust particulates (17) (18) (19) (20) . Interesting and important work by Zhao et al. (21) , aimed at teasing apart mitochondrial and cytosolic nitric oxide stress responses with diesel exhaust particulates exposure, led to the observation that alveolar macrophages activate ROS and nitric oxide (NO) in response to diesel exhaust particulates, but the two have distinct effects. Using an inducible nitric oxide synthase (iNOS) mutant and wildtype mouse model system, this group demonstrated that intracellular ROS production and related mitochondrial dysfunction occurred independently from NO production. In this model, NO production was associated with a pro-inflammatory response and was required to maintain an inflamed state. This pro-inflammatory response was hypothesized by the authors as a counterbalance to a ROS-induced adaptive stress response that promotes an antiinflammatory response that increases sensitivity to bacterial infections in individuals exposed to diesel exhaust particulates (21) . Importantly, knockout of iNOS resulted in a dramatic reduction in lung tumor multiplicity (80% reduction) compared with wild-type animals demonstrating the important role of the NO induced pro-inflammatory response in tumor development (22) . The Zhao study is highlighted here to emphasize a few recurrent themes that are relevant across exposures: (i) the dynamic interplay among cells of the immune response and the local microenvironment in determining the ultimate fate of local systems response following toxic exposure and (ii) the importance of developing a better systems level mechanistic understanding of the tissue level response to a toxicant in developing biological indicators of a chemical's potential to promote a pro-tumor or tumor favorable environment.
Cyclooxygenase, prostaglandins and their receptors
The cyclooxygenase (COX) enzymes were among the first identified molecular targets of interest in TAI. Before the identification of COX-2 as a major enzyme mediator of TAI, a handful of epidemiological studies had reported lower cancer rates in regular users of aspirin and other non-steroidal anti-inflammatory agents that are now explained by the inhibitory activity of these drugs on the pro-inflammatory/pro-tumorigenic effects of PGE 2 (23, 24) . There are three COX isoforms: COX-1 or prostaglandin G/H synthase 1 (PTGS1), which is constitutively expressed; COX-2 (PTGS2), the inducible form of the COX enzymes; and COX-3, an alternative splice variant of COX-1. COX enzymes catalyze the formation of lipid mediators, including prostanoids, prostacyclins and thromboxanes. Of the three, COX-2 is over-expressed in acute and chronic inflammation as well as in tumors. Extensive research efforts over the past three decades have established a strong link between COX-2 expression, inflammation, and cancer, including demonstration that COX-2 suppression prevents neoplasia in numerous rodent models of cancer as well as in human clinical trials (6) . COX-2 can be induced by a number of factors including cytokines, chemokines, ROS and environmental chemicals (see later). Induction of COX-2 activates mPGES-1, the inducible enzyme that catalyzes the COX-2-derived lipid intermediate PGH 2 to PGE 2, the biological mediator of the tumorigenic effects of COX-2. PGE 2 is the most abundant prostaglandin (PG) in solid tumors and has been shown to influence tumor cell growth, migration and invasiveness. The tumorigenic actions of PGE 2 are numerous and include the induction of angiogenesis, transactivation of the epidermal growth factor receptor, inhibition of apoptosis and immunosuppression (25) .
The physiological and pathological effects of PGE 2 are mediated through interactions with specific PG receptor subtypes present on an array of cell types, including most immune cells and epithelial cells. PGE 2 shows the highest affinity for the EP receptor subtypes 1-4 (PTGER1-4 or EP1-4). Through the recent use of receptor subtype specific inhibitors, antibodies and engineered mouse models, the multiple PGE 2 /EP signaling pathways associated with human health and disease have become clearer. All four of the EP receptors are present on the majority of cells involved in immune responses (26, 27) . Under normal physiological conditions, PGE 2 attenuates the activity of macrophages and dendritic cells by inhibiting the production of tumor necrosis factor (TNF)-α and interleukin (IL)-10. The EP2 and EP4 receptors mediate these activities as well as regulate the proliferation and differentiation of T and B cells. And while it is clear that the biologically diverse activity of PGE 2 is determined by the nature and distribution of the EP receptors, very little is known about the EP receptor subtype/PGE 2 interactions, interaction with environmental chemicals and potential contribution of toxicants in the evolution and progression of TAI. This represents an important area for active research in environmental toxicology.
Within the intent of this review, it is important to recognize that COX-2 expression is regulated by a number of transcription factors that themselves can become deregulated leading to the sustained induction of COX-2 as a co-factor in TAI. These include the hypoxia inducible factors (HIF-1α and HIF-2α), NF-κB, CREB and members of the signal transducer and activator of transcription family (STAT) (28, 29) .
STAT family proteins regulate cytokine-dependent inflammation and immunity. STAT protein family members, including STAT 1-6, are overexpressed in a number of human cancers. The role the STATs in TAI has recently been well characterized in prostate cancer where chronic inflammation is believed to play a major role in tumor development (30) . STAT3 has been mechanistically linked to the induction and maintenance of an inflammatory microenvironment in the prostate and to the malignant transformation and progression due to the maintenance of a pro-inflammatory state. The pro-inflammatory cytokine IL-6 is a potent inducer STAT3 where binding to the IL6R induces activation of the Janus tyrosine family kinase (JAK)-signal transducer leading to a phosphorylation dependent activation STAT3. This promotes the dimerization of STAT3 monomers via their SH2 domain and promotes their active transport to the nucleus where the active dimer binds to cytokine-inducible promoter regions of genes containing gamma-activated site motif (31) . In normal tissues, this robust response is countered by a SHP at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from phosphatase and the suppressor of cytokine signaling molecule (SOCS3). This negative feedback loop insures resolution of the signaling and restoration to homeostasis. In prostate and other cancers such as breast, STAT3 becomes constitutively activated; a phenotype thought to reflect the influence of the local microenvironment and in particular TAI. Because STAT3 activation induces a number of transcriptional factors that include oncogenes involved in cell survival, proliferation, inflammation and angiogenic factors (32) , its constitutive activation is associated with a number of the cancer hallmarks and nicely illustrates the molecular aspects of TAI that enable tumorigenesis (31) .
STATs, like other transcription factors, have a dual and self-perpetuating role in inflammation and, like other similar molecules, is considered to be both a friend and a foe in tumorigenesis (33) . They can be induced by inflammation and can, in turn, induce inflammation by activating NFκB and IL-6 pathways. If unchecked this leads to an uncontrolled pro-inflammatory/pro-tumorigenesis state (Figure 2 ). For example in the liver the resident myeloid cells or Kupffer cells, in response to an environmental or endogenous stimuli produce pro-inflammatory cytokines as a result of activation of the IKKβ/NFκB complex. The activation of IKKβ/NFκB is potent stimuli for IL-6 and thus activation of the STAT3 protein. Inflammation is an established risk factor for hepatocellular cancer (HCC) from viral infection and other environmental or drug insults. STAT3 is overexpressed in the majority of HCC in human with high levels correlated with IL-6 levels in the local tumor environment (34) ; findings that support a role of IL-6 and STAT3 as a TAI phenomenon in HCC in humans. Given the role of STATs in inflammation and evidence as an important signaling molecule in TAI, the STAT transcription factors represent an important and unexplored family of molecules as putative mediators of TAI in the presence of environmental chemicals and other toxicants.
Cytokines as immune effector molecules
Cytokines are a large group of small proteins (5-20 kD) that act as pleiotropic paracrine and autocrine messengers with a wide spectrum of biological functions across numerous tissue and cell types. Collectively, the cytokines include chemokines, interferons, interleukins, lymphokines and TNF. Cytokines are produced by cells of the immune system (e.g. B and T lymphocytes, macrophages and mast cells), stromal cells (endothelial cells and fibroblasts) as well as tumor cells. Cytokines exhibit paracrine, and autocrine effects on a wide range of tissues and cells. The cytokine most consistently associated with tumor cell killing is TNFα. Upon engagement of TNFα with its receptor, a subsequent chain of cellular events leads to the activation of the transcription factor nuclear factor (NF)κB and subsequent production of IL-1β, IL-6, IL-8 and IL-17. In the simplest mechanistic model, these pro-inflammatory molecules are coupled to each other via TNFα binding to its receptor (TNFR), which activates the NFκB pathway in the acute phase response. This results in the upregulation of a group of pro-inflammatory cytokines as a programmed response to wounding or infection. It is this response that is triggered in the initial response to injury or infection (35) that, when unresolved or chronic, is widely believed to promote tumorigenesis and contribute or enable tumor progression.
Under homeostatic conditions, two membrane receptors, TNFR1 and TNFR2, mediate the actions of the TNF family of molecules (36). While initially described as an anti-tumor molecule, the role of TNFα as pro-tumorigenic is now well characterized. Tumor and inflammatory cells within the tumor microenvironment constitutively produce TNFα, supporting tumorigenesis and metastasis by promoting: genomic instability through the production of ROS and RNS, cell survival by deregulating apoptotic pathways, promoting invasion through induction of matrix metalloproteinases (MMPs), and angiogenesis via the induction of pro-angiogenic factors. Part of this response may be due to the presence of TNFR1 on tumor, stromal and immune cells, thereby allowing TNFα to exert its activity both directly on the tumor and indirectly within the tumor microenvironment to sustain local inflammation and recruitment of cells with inhibitory effects (i.e. myeloid suppressor cells) on tumor immunity. The effects of TNFα as a pro-tumor molecule have been clearly demonstrated in TNFR1-deficient mice, which are resistant to tumorigenesis. The best-characterized mechanism of the tumor-promoting effects of TNFα are those related to the tumor cell itself and molecular alterations (i.e. mutation, deletion and amplification) in key regulatory genes that lead to the constitutive activation and deregulated activation of NFκB. More recently, the role of non-genetic factors in the localized overproduction of TNFα is recognized. These include previously underappreciated effects of the local microenvironment and the cancer-associated fibroblasts and immune cells that fail to produce or recognize the wound resolving cues. In the presence of active NFκB signaling, TNFα and NFκB interact to induce cytokines (e.g. IL-1, IL-6), COX-2, adhesion proteins and MMPs. In turn, high levels of inflammatory cytokines trigger uncontrolled NFκB expression and activation, ultimately preventing the resolution of the response (5,7). Failed resolution of TAI resulting in a localized mileau of chronic cytokine activation is believed to shift the balance away from cell death toward survival and tumor cell invasion (5) (6) (7) 36) . Thus, independent of direct genotoxicity, this adaptation to the local microenvironment stressors is thought to place a selective pressure on tumor cells that promotes angiogenesis and ultimately escape of tumor cells from the toxic environment; two critical cancer hallmarks of metastasis.
Along with TNF-α, IL-6 is among the most commonly overexpressed cytokine in human tumors (37) . Similar to other aspects of inflammation, IL-6 can act as a double-edged sword. Induced in response to injury or infection, IL-6 can induce COX-2 expression and PGE 2 synthesis as well as function in the resolution phase of an acute response by inhibiting TNFα and IL-1 and by inducing other anti-inflammatory or resolution at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from cytokines such as IL-10. Thus, IL-6 exhibits both anti-and proinflammatory actions at the site of a wound. In the tumor microenvironment, IL-6 has been shown to negatively regulate apoptotic processes, making cells more resistant to cell death in an inflamed, highly reactive microenvironment. Two types of receptors, membrane-bound and soluble, bind IL-6 (38) . The membrane bound IL-6 receptor is predominantly expressed in hepatocytes, lymphocytes, neutrophils, monocyte/macrophages and epithelial cells. After binding to IL-6, the receptor associates with the signal-transducing protein gp130 to initiate its signaling cascade. The interaction with gp130 promotes a negative feedback loop responsible for the anti-inflammatory effect of IL-6. The soluble IL6 receptor (IL-6R) is present in body fluids and is linked to the inflammatory action of IL-6 in cells not expressing IL-6R. In this case, the IL-6/IL-6R complex can bind to gp130, which is expressed in all cell types, thus explaining the broad spectrum and systemic action associated with IL-6 in inflammation.
The diverse functions of IL-6 are mechanistically linked to interactions across distinct signaling pathways, including the MAP/STAT pathway and the AKT/PI3K signaling cascade, which negatively regulates apoptosis and promotes cellular proliferation. Recently, IL-6 has been shown to play a key role in maintaining the balance between the regulatory subclass of T cells (Treg) and T h 17, an effector T cells that produces IL-17, IL-6, TNFα and other pro-inflammatory chemokines (39) . This function, of pivotal importance in immunity and immune pathology, is linked to inflammation which, when chronically maintained, promotes the onset of malignancies in different organs and that acts to suppress tumor immune surveillance and tumor killing through the recruitment of immunosuppressive myeloid suppressor cells (40) .
Along with IL-6, a number of other cytokines that participate in inflammation and present in TAI, have been mechanistically implicated in tumor metastasis. In the case of IL-8 and IL-17 (41), these two pro-inflammatory cytokines have received considerable attention for their ability to induce neovascularization and to enhance the activity of the matrix-degrading enzymes MMP-2 and MMP-9 (42). IL-8, which is also known as CXCL8, has received considerable attention as a potential therapeutic target for a number of inflammatory diseases given its critical role in innate immune responses and as a chemoattractant for neutrophils. The activity of IL-8 is mediated by binding of monomeric or dimeric forms of CXCL8 to one of its two receptors CXCR1 and CXCR2. Expressed normally on the surface of leukocytes, these receptors have also been shown to be upregulated on both tumor and tumor-associated stromal cells in a variety of cancers including lung, prostate and colorectal. Via CXCR1/2, IL-8 activates several important signaling pathways that are overactive in tumors (MAPK, PI3K, PKC, FAK and Src) and which function in tumor cell proliferation and migration. IL-8 pathway signaling is induced by a number of factors including inflammatory cytokines (e.g. TNF-α, IL-1), ROS, and steroid hormones. There is now convincing evidence that IL-8 and CXCR1/2 signaling are major drivers in conditions of chronic inflammation including TAI. As such, the IL-8/CRCR receptor interactions receptors are the focus of intensive drug development for use in cancer and other inflammatory disease states (42) .
Like IL-8, the IL-17 molecule is a recently recognized potent, pro-inflammatory cytokine that is produced by the T h 17 subpopulation of T lymphocytes and is thought to be involved in tumorigenesis (41) . After binding to its receptor, IL-17RA, IL-17A then activate the MAPKs ERK1/2 and p38, PI3K/Akt and NFκB pathways, leading to the production and secretion of IL-1β, IL-6, TNFα and IL-8, as well as CXCL1 and CXCL6, which attract neutrophils. Although reported in some other cancers, IL-17 has been strongly linked with tumor development in the colorectum in animal models (43) . Here, leakage of bacterial products with tumor development and endotoxin exposure appears to mobilize cells producing IL-17. The presence of IL-17-producing macrophages in these models has been linked directly to suppressive effects on both local and systemic anti-tumor T cell responses. The importance of IL-17 in tumor development is supported by observations that inhibition of IL-17 in animal models of colorectal carcinogenesis prevents tumor formation, an effect that both prevents the pro-inflammatory response and the 'poisoning' effect of the pro-inflammatory response on tumor specific immunity.
Lipoxygenases and lipoxins
The lipoxygenases/lipoxin products of polyunsaturated fatty acid metabolism represent a more recently recognized set of bioactive metabolites in inflammation both in its induction and resolution for which there has been little work with regard to environmental exposures and modulation. These are briefly mentioned here. For example 5-lipoxygenase (5-LOX) has been implicated in inflammation-related neoplasia. 5-LOX is a nonheme iron dioxygenase that synthesizes leukotrienes, lipoxins, resolvins, and protectins from different substrates belonging to the polyunsaturated fatty acids (44) . The 5-LOX is located in the cytoplasm or nucleus and is activated in the nuclear envelope, where it translocates to interact with 5-lipoxygenase activating protein to mediate the transfer of arachidonic acid from the membrane to 5-LOX. Besides its well-known role in inflammation, the over-expression of 5-LOX occurs in a number of tumor tissues and cell lines (45) . Consistent with overexpression, the end products of 5-LOX, such as 5-hydroxyeicosatetraenoic acid and leukotrienes A4 and B4 (LTA4 and LTB4) contribute to cell survival and growth. The inhibition of 5-LOX enzymatic activity or the silencing of 5-LOX and leukotriene receptor expression attenuates the metastatic phenotype in colon cancer cells (46) . As with the COXs, there are anti-proliferative effects with 5-LOX inhibitors such as AA-861, zileuton, nordihydroguaiaretic acid and 5-lipoxygenase activating protein inhibitors such as MK 886, MK 591. These molecules induce apoptosis in breast (47) , leukemia (48) and pancreatic (49) cell lines. As such, much like the interest in COX2 and PGE2, the LOX pathway is emerging as an important mediator of tumorigenesis with direct effects on tumor-associated and tumor-promoting inflammation.
Environmental chemicals as selective disruptors of inflammation and prioritized targets of activity
Human studies on environmental chemicals, inflammation and cancer numbers of cigarettes smoked), the protracted and multi-factorial nature of tumor development makes it incredibly difficult to causally link chemical exposures in the environment to cancer risk. This is particularly true when the carcinogenic potential of an exposure is dependent on often unmeasured factors such as the dose/duration of the exposure, timing of the exposure (i.e. when in life), biomarker of adverse effect after exposure and presence in the population of heterogeneity with regard to sensitivity (genetic or other such as sex or diet). And while there are some large-scale, bio-banked cohort studies (particularly in the in the absence of testable hypotheses to relate exposures with cancer outcomes. As a result, there is a need to integrate the knowledge that has been gained about the etiopathogenesis of cancer in the study of environmental chemical effects including effects on specific cellular and molecular processes important in carcinogenesis.
To example a strategy for inflammation and cancer, we focused on chemicals thought to act on immune cells and molecular targets mechanistically linked to TAI. Thus, we undertook a process to identify candidate chemicals in the environment [i.e. Bisphenol A (BPA), polybrominated diphenyl ether (PBDE), vinclozolin, nonylphenol (NP), phthalates and atrazine] shown to on specific target molecules (i.e. ER, iNOS, NFκB, IL-6, COX-2 and TNFα, respectively) that have been identified in the cancer biology field as relevant in TAI. The chemicals that we focused on were prioritized for their ubiquitous nature in the environment and the relative level of evidence that their disruption may promote disturbances in immune and non-immune cells favoring inflammation (Summarized in Table 1 ). These chemicals are not currently classified as carcinogens and themselves are not considered genotoxic. While a number of these are recognized as toxicants, our goal is to highlight the potential role of these chemicals from the perspective of their ability to disrupt immunomodulatory molecules related to inflammation and to challenge thinking on how these chemicals, alone or in combination with other exposures, influence cancer risk in humans.
Bisphenol A
Perhaps the most abundant (>3 million tons/year produced) and best studied environmental endrocrine disruptor is the synthetic xenoestrogen BPA. While the role of BPA as an endocrine disruptor with ligand activity for the estrogen and aryl hydrocarbon receptors (AhRs) has been extensively reviewed elsewhere, the impact of BPA on the immune system and as an immune disruptor is less recognized (75) . BPA is present in the environment as a result of its widespread use in the synthesis of polycarbonates, epoxy resins and thermal paper (76) , resulting in everyday exposures from food packaging, plastic bottles, water-pipes, electronic equipment, paper and toys (77, 78) . The physio-chemical properties of BPA, reproductive organ toxicity, activity on the hormone and AhRs, and toxic effects, along with levels and sources of exposure in humans, have recently been reviewed by Michałowicz (75) . Notably, this review highlights the evidence for both immune-activating and immuneinhibiting consequences of exposure to BPA and suggests that the inconsistency in reported effects reflect a more generalized disruption in innate immune balance as opposed to more easily defined and specific effects on antigen-driven immune or adaptive immune responses. Most relevant to carcinogenesis are the findings from rodent studies linking BPA exposure to histological changes in the prostate gland. In rats, the Prins laboratory (79) have shown that early life exposure to BPA mimics estrogen-induced prostate intraepithelial neoplasia (a prostate cancer precursor lesion), which includes BPA-dependent epigenetic reprogramming of DNA along with the development of lateral prostate inflammation in the adult animal, reported earlier to reflect BPA effects on prolactin levels (80) . Because inflammation of the prostate is 'insufficient' for the development of prostate cancer in animal models and since the role of inflammation in human prostate cancer unclear, it has been argued that the effects of BPA in rodents may not be relevant to humans. An alternative explanation is that in the presence of genotoxic or other co-factors, the immune deregulating effects of BPA on the prostate act to enhance or accelerate tumor development in the rat and while not sufficient are necessary exposures for carcinogenesis.
In addition to the work in prostate, evidence for an effect of BPA on the immune system is present from studies of BPA effects on immune cell components, particularly the T cell compartment. BPA appears to largely act on the immune system by promoting 'immune' cell proliferation (81) , though the exact nature of the effect on specific cells of the immune system and, thus, the consequences are complex and poorly delineated. An example is the effect of BPA on T lymphocytes. CD4+ T lymphocytes, for example comprise the T h 1 and T h 17 helper T cells that produce pro-inflammatory cytokines whereas the T h 2 or Treg cells produce anti-inflammatory or regulatory cytokines. A number of studies have been conducted on BPA effects on CD4+ T cell (82) , found that prenatal BPA exposure had a much more dramatic inhibitory effect on the anti-inflammatory, Treg cells than that seen in the rodent prostate studies, but the exact mechanisms and a role of BPA in susceptibility to TAI has not been investigated. Currently, it is unclear why BPA-exposed CD4+ cells polarize to either a pro-or anti-inflammatory state, but there is sufficient evidence to support an effect of BPA on CD4+ T cells at exposure levels comparable to those in humans. Much like the BPA-exposed T cells, results from studies on macrophages and B cells are also conflicting (81) . As noted from the prostate studies in rodents, the immunomodulatory effect of BPA on cells has been linked with BPA activity as a ligand for ER (83) 
In addition to putative immune effects of BPA mediated through ER, the ability of BPA to bind to the AhR and the reports of BPA activity on the peroxisome proliferator-activated receptor (PPAR), a family of nuclear receptors implicated in inflammatory disease states (84), should be considered. For example the endocrine disrupting potential of BPA has been partially correlated to weak AhR modulation (85) . BPA in this study was shown to weakly suppress AhR activation in mouse cells whereas more recent studies proved that BPA toxicity is only partially regulated by AhR pathways suggesting that further studies are needed to clarify the nature of the BPA/AhR interaction. In breast cancer cells ARNT2, a heterodimeric partner for the activated AhR, decreases with BPA exposure in an ERα-dependent fashion (86) . This finding contrasts with 2,3,7,8-tetrachlorobenzo-p-dioxin (TCDD), a wide-spread anthropogenic chemical and prototype agonist of the AhR, which acts as an immunosuppressive compound across model systems (87) (88) (89) . To date, there is no evidence of direct binding of BPA to the AhR PASB domain (the domain TCDD binds to).
In addition to the AhR, there is growing interest on the effects of BPA and BPA analogs on members of the PPAR nuclear receptor family members α, β/δ and γ. Various studies implicate a role for PPARs in the pathogenesis of inflammatory diseases. For example, haploinsufficieny for PPARγ resulted in exacerbated experimental arthritis in mice compared with wildtypes (90) . PPARγ is present on macrophages (91), dendritic cells (92), T cells (93) and B cells (90) . For BPA exposure, the PPARγ isoform is of particular interest given the findings (94) that bisphenol-A diglycigyl ether, an analog of BPA present in some food containers (95) and in waste waters (81), antagonizes PPARγ. In addition, the role of PPARs as BPA targets is further suggested by observations that other BPA analogs (e.g. tetrabromobisphenol A, a brominated BPA found in flame retardants) antagonize PPARs in direct relation to the bulkiness of the brominated BPA analogs. Bulkier brominated BPA analogs were found to have greater activity as partial agonists of PPARγ and weaker estrogenic activity that could potentially disrupt or deregulate PPAR-dependent anti-inflammatory effects (96).
Polybrominated diphenyl ethers
As flame retardants, PBDEs are ubiquitous in the environment in a number of consumer products from textiles to electronic components. Leaching of PBDEs from treated products results in air, food, water and soil contamination, where exposure through ingestion and inhalation is associated with an estimated half-life of the common congeners in human adipose tissues of 1-3 years (97) . Body burdens of PBDE have increased over the past few decades raising concerns on long-term health effects. The need to understand the bioactivity and/ or toxicity of PBDEs is made more relevant by the demonstration of increased concentrations of PBDEs in breast milk (98) , placenta (99) , amniotic fluid and umbilical cord blood (100), with additional evidence that PBDEs cross the placental barrier, accumulating in the cotyledons (100). For women living near electronic waste sites, the placental burden of PBDEs is nearly 20-fold higher than for women residing in a referent site (101) . These results support very early life exposures for which the long term health effects are unknown, including risk of cancer. There is currently little experimental evidence that the PBDEs act as direct mutagens. The activity and chemical structure of PBDEs are similar to TCDD. While limited to a handful of studies, recent work on PBDE effects on inflammatory cytokines in placental explant models is notable for its potential implications for other health outcomes, including cancers, where microbes are implicated. Pro-and anti-inflammatory factors play a critical role in the placenta during fetal development and at parturition, wherein the pro-inflammatory cytokines induce PGs that promote uterine contraction and cervical ripening. Thus, during pregnancy, potent anti-inflammatory cytokines, in particular IL-10, are elevated as a defense against preterm birth induced by bacterial infections. Peltier et al. recently found that placental explants treated with a mixture of the cogeners BDE-47, BDE-99 and BDE-100 and then exposed to Escherichia coli were 'reprogrammed' toward a pro-inflammatory response (increased IL-1β and TNFα) and away from the expected antiinflammatory response (decreased IL-10) compared with untreated placenta. The switch from an anti-to pro-inflammatory response was not detectable in the absence of the E.coli stimuli. Interestingly, basal PGE 2 levels were increased in the absence of E.coli, suggesting an effect of PBDE on the basal PG pathway that predisposed the treated cells toward a pro-inflammatory response when exposed to E.coli, compared with the untreated cells that exhibited a potent IL-10 induction. An important conclusion drawn by these authors is that chronic PBDE exposure may 'lower the threshold for bacteria to stimulate a pro-inflammatory response'. The potential relevance of this conclusion to other health outcomes is intriguing. This study is noted here given the established link between bacteria and cancers, such as H.pylori and gastric cancer, where tumor development is dependent on inflammation. Emerging evidence also shows that many other human cancers may have a bacterial component, with cancers of the gastrointestinal tract (esophagus, liver, stomach, pancreas, colon and rectum) strongly believed to involve a disturbance in the interaction between normal flora and the immune system that promotes chronic, low-grade inflammation (i.e. dysbiosis). To our knowledge, there has been no consideration of the role of environmental immune disruptors, such as PBDEs, as contributors to these cancers, where incidence rates have increased in parallel to industrialization.
Vinclozolin
Introduced in the mid-1970s in Germany, the non-systemic, dicarboximide fungicide vinclozolin is classified by the World Health Organization (WHO) as 'unlikely to present acute hazard in normal use' due to its extremely low toxicity in rats. This opinion contrasts with a review by the EPA concluding that vinclozolin or a breakdown product of the compound, 3,5-dichloroaniline moiety, induces testicular tumors in rats and tumors of the kidneys and prostate glands in dogs, with species sensitivity identified as a factor for tumor development. As a result, the EPA has classified vinclozolin as a possible human carcinogen, although vinclozolin is not listed as a carcinogen by IARC or the United States NTP Carcinogens program.
More convincing than potential effects on cancer risk is the evidence demonstrating endocrine-disrupting activity of Vinclozolin, anti-androgenic effects on lipid metabolism and storage, deleterious effects on sperm count, reduced prostate weight and delayed puberty in animals (102) . Despite toxicity concerns and declining use, vinclozolin remains a common fungicide for use on specific crops in the USA and Europe. There have been efforts to minimize exposure using safe handling practices (protective equipment and clothing), different application methods (to reduce exposure through inhalation or absorption) and reductions in recommended uses (i.e. specific crops to minimize ingestion such as fruit with inedible, thick peel).
Vinclozolin is of particular interest as an environmental chemical, where transient early-life exposures in utero have been linked to both adult-onset disease and transgenerational disease that involves inflammation (103, 104) . For example, transient vinclozolin exposure in utero has been shown to promote inflammation in the prostate (prostatitis) of postpubertal rats coupled with a down-regulation of the androgen receptor (AR) and increase in nuclear NFκB. The late or delayed effect of exposure is hypothesized to reflect a mechanism whereby vincozolin exposure during a critical development window imprints an irreversible alteration in DNA methyltransferase activity, leading to reprogramming of the AR gene(s), which manifest as inflammation in early adult life with adverse effects on spermatid number. Evidence for early life exposure leading to epigenome alterations that manifest later as disease in the adult is supported by the work of others and raised as a concern in cancer risk (103) . Transient vinclozolin exposure during gestation in the F 0 generation manifests as adult onset spermatogenic cell defects in the F 3 generation, suggesting that, at least in some cases, changes to the methylation status of specific genes are heritable and that the exposure effect acts transgenerationally.
This work on viclozolin is noted for the reader as it demonstrates the inflammation-related changes in the prostate with in utero exposure and raises intriguing possibilities about environmental causes of cancer, where single-generation experimental models may be inadequate to fully detect carcinogenic activity of a given chemical. This is a grossly understudied molecular mechanism by which environmental chemicals may impact human health, including risk of cancer, and represents an important area for future studies.
4-Nonylphenol
A ubiquitous environmental chemical implicated recently in inflammation is 4-nonylphenol (4-NP)
. Human exposure to 4-NP occurs through ingestion of contaminated food and water from liquid detergents, cosmetics, paints, pesticides and other common products, where NP ethoxylates are used as nonionic surfactants (105) . Of special note, 4-NP is present at higher concentrations in treated waste water than at the inlet source as a result of microbial biodegradation of the parent compound NP ethoxylate (106) . As an endocrine disruptor, 4-NP is recognized for its potent reproductive effects. More recently, however, 4-NP has been shown to increase progenitor white adipose levels, body weight and overall body size in rodents exposed prenatally. Like viclozolin, 4-NP effects on adipogenesis in the perinatal period confer transgenerational inheritance of the obesogenic effects observable in F 2 offspring, consistent with genome reprogramming through an epigenetic process (107) . The proadipogenic effect of 4-NP in these studies was associated with a decrease in ERα in adipose tissue, consistent with its weak endocrine disrupting activity and to the induction of genes related to fatty acid metabolism and lipogenesis (e.g. Ppar-γ, Srebp-1, Lpl and Fas). With the recognized overlap in signaling molecules between the endocrine and the immune system, Han et al. recently reported that 4-NP may be acting as an immune disruptor. In their studies, 4-NP induced COX-2 protein and gene expression in the murine macrophage cell line RAW264.7 and significantly increased PGE 2 production. 4-NP was further shown to activate the Akt/MAP kinases/CRE signaling response elements involved in the activation of COX-2 expression (108, 109) . This observation is the first insight on a potential mechanism for the observed lung inflammation and asthma in mice exposed to 4-NP. And while limited, the recent findings from the Cadet laboratory suggesting an effect of 4-NP on pro-inflammatory cytokines in a model of inflammatory bowel disease raise important concerns about 4-NP as a common environmental chemical that mimic an inflammatory state. As such, given the iniquitousness of 4-NP and evidence favoring transgenerational transmission of exposure effects, there is sufficient evidence to recommend the investigation of cancer risks associated with 4-NP exposures.
Atrazine
The triazine herbicide atrazine is widely used in agricultural to control the unwanted growth of grasses and broadleaf weeds. Being one of the most commonly used pesticides in the world (110) , atrazine is widespread in the environment and a frequently detected contaminant in waterways. Like BPA and other chemicals, there are scientific indications that atrazine has endocrine-disrupting potential (110, 111) , causing mammary gland tumors in rodents (112) and altering male reproduction (113) . The mechanism(s) of action associated with reproductive/ endocrine disruption do not seem to be receptor-mediated, as there is no detectable interaction with AhR or ER (112, 114, 115) , although there may be with AR (115) . In a recent study by Jin et al., both atrazine and its major metabolite diaminochlorotriazine (116, 117) induced changes in the anti-oxidant capacity of the liver and decreased the transcription of genes involved in testosterone production (111) , supporting that oxidative stress may contribute to alterations in reproductive capacity. Indeed, in vitro experiments using interstitial Leydig cells support that suppression of oxidative stress by the flavonoid quertcetin prevents atrazine-induced toxicity by attenuating oxidative stress partially by modulating the NFκB pathway (118) . One of the reputed actions of atrazine is the regulation of NO production (119), an important bioactive molecule which can have profound impact on cancer development by contributing to angiogenesis, suppressing apoptosis, and limiting the host immune response to the tumor itself (120) . Although atrazine is considered to be a weak mutagen with low oncogenic potential [see recent re-evaluation by the EPA (121)], the immunotoxic potential of atrazine raises concerns regarding cancer susceptibility at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from (119) . In swine granulosa cells, there was induction of both NO and VEGF by atrazine, supporting that, in this context, atrazine may have the potential to contribute to angiogenesis during cancer development (122) . In a mouse model, administration of atrazine also caused features of immunotoxicity, including an inhibitory effect on both cell-mediated and humoral immunity (123) , findings that may have important implications for the development of lymphoma due to a reduction in immune defense mechanisms. Of the effects noted, there was a significant decrease in NO production by peritoneal macrophages (123) , phagocytic cells whose production and release of NO are important cytotoxic elements in immune surveillance and inhibition of tumor growth (124) . Whether changes in NO levels are reflective of induction/inhibition of iNOS expression in mammalian systems is not known. Atrazine also significantly decreased cytokine production (e.g. TNFα, IFN-γ) (123, 125) as well as impaired lymphocyte proliferation and natural killer cell function (74).
Pthalates
As a group, the widely used chemical plasticizers known collectively as 'phthalates' and the esters of phthalic acid used to soften vinyl products are of significant concern simply as a result of the level and ubiquitous nature of exposure to these chemicals. Humans are exposed through multiple routes that include food and drink, inhalation, skin absorption and even medical procedures such as blood transfusions. Body burden studies suggest that diethylhexyl phthalate (DEHP), a high molecular species used in plastic wrapping of foods, is a major source of exposure for humans as a result of contamination from the packaging, an effect made greater with microwave heating. Health concerns related to phthalates have focused largely on reproductive health and, specifically, spermatogenesis. As with other environmental exposures, there is particular concern for early life exposures where pthalates are largely accepted as weak anti-androgens that exhibit metabolite-specific effects on testosterone synthesis by Leydig cells. High levels among children from toy products as well as exposure to breakdown products of the smaller molecular weight diethyl phthalate in personal skin care items such as lotion and soap have attracted the most concern.
More recently, an interest in the effects of phthalates and related metabolites on inflammation has emerged where the focus has been on risk of asthma (126) . Research on asthma evolved from the observation of a 'meat-wrappers' asthma linked to heating of polyvinyl chloride film or the heating of price labels on foods (127) . This and other population studies have suggested phthalates act as immune disruptors (126) . While findings across in vitro and in vivo studies confirm effects of phthalates on macrophages, lymphocytes, eosinophils and neutrophils, no consistent effect has emerged, and the actual consequence of exposure appears to be contextually dependent. For example, chronic exposure to airborne DEHP increased the numbers of eosinophils, lymphocytes and neutrophils in the lung and lavage fluid, but only at very high (not human exposure-related) concentrations (128) . In a separate study of the major metabolite of DEHP (MEHP), exposure at much lower doses showed similar pro-inflammatory effects, indicating the importance of metabolism in effect dose (128) . This result, in part confirms studies showing acute airway irritation and increased macrophages in lavage fluid at high occupational but not low exposure levels (129) . However, and paradoxically, in a human challenge study with immune biomarkers, exposure of allergic subjects to house dust containing low DEHP induced granulocyte colony stimulating factor, IL-5 and IL-6, whereas exposure to high DEHP suppressed granulocyte colony stimulating factor and IL-6 (130). These findings have led to the conclusion that phthalates exhibit immune disrupting activity that includes adjuvant effects on the proinflammatory T h 2 responses as well as immunomodulatory and immunosuppressive effects depending on the conditions of exposure (dose, duration, tissue type, development). These complex and often paradoxical observations have made translation to humans a challenge but do not dismiss the potential relevance of these exposures in human diseases.
The immune disrupting nature of phthalates is evident in The Comparative Toxicogenomics Database. Recently, Singh et al. (131) found that five of the top ten toxicity networks disrupted by phthalates involved inflammation, with evidence for pathogenic effects for prostate, uterus, ovary and breast, all sites of common human cancers. Consistent with the evidence observed for endocrine disruptors, phthalates disrupt gene expression in a pattern very similar to that of BPA, where the compounds exhibit a high degree of sharing of effects on interacting genes and proteins in an immune-disrupting signature. The latter has been suggested as a potential tool for future research efforts to characterize the inflammatory potential of a compound.
Cross-talk between tumor-promoting inflammation and the other hallmarks of cancer
The carcinogenicity of low-dose exposures to chemical mixtures in our environment probably depends, in large part, on the capacity of such exposures to act on several tumor-promoting mechanisms and/or to disrupt innate tumor defence mechanisms. Thus, characterizing the potential of chemical combinations as 'carcinogenic' will ultimately involve investigating mixture effects across the range of mechanisms known to be relevant in tumor development. Accordingly, we undertook a thorough cross-validation activity to illustrate the importance of the prioritized target sites for disruption that were identified by this team (i.e. across multiple aspects of cancer biology) to illustrate the extent to which the prototypical chemical disruptors that we identified may act to disrupt other mechanisms relevant to carcinogenesis. TAI has been identified as an epithelial-stroma interaction that enables tumor development by acting across the cancer hallmarks (6) . Herein, we have identified six common environmental chemicals for which current evidence supports their role as putative 'immune disruptors'. In other words, exposures to these chemicals are hypothesized to act in tumorigenesis by deregulating and promoting inflammation. For each chemical, we identified a single 'high priority' target molecule as a putative mediator of cellular and molecular events linking chemical exposure to carcinogenesis. The chemicals we have identified are (i) bisphenol A (BPA), (ii) PBDE, (iii) vinclozolin, (iv) NP, (v) phthalates and (vi) atrazine, with their main priority targets being the estrogen receptor, iNOS, NFκB, IL-6, COX-2 and TNFα, respectively.
As will be recognized, there is a strong relationship between the prioritized targets, inflammation, and a number of the other cancer hallmarks. The prioritized chemicals proposed here to promote inflammation have also been shown to act on a number of the other hallmarks of cancer that in some reports are complementary to the effects observed for TAI and for others are contrary or are inconsistent across reports. Exceptions are a lack, or limited study, of effect of these chemicals on tumor evasion of the immune system and on the tumor microenvironment. Given that inflammation contributes directly to changes in the microenvironment, which includes immune system evasion, these chemicals may act directly on the microenvironment and/or the function of anti-tumor immune cells. Details of the selected chemicals, the prioritized target, and affected pathways are presented below in support of the summary results shown in Tables 2 and 3 .
Bisphenol A
Treatment of cell lines with BPA results in a number of cellular and molecular changes, including those associated with the cancer hallmarks and inflammation as already discussed. However, there is no clear singular molecular target of BPA, and the role of BPA in human disease remains controversial. Consistently, BPA deregulates metabolism by disrupting the activity of respiratory chain complex II (204) (205) (206) (207) . At low exposure levels, BPA has been shown to activate the mammalian target of rapamycin (mTOR) pathway, an intracellular signalling pathway that integrates the growth signals, such as insulin and insulin-like growth factors, to promote survival (211, 240) . Treatment of cells with BPA blocks the induction of p53, thereby mediating evasion of anti-growth signals (211) and promoting angiogenesis (213) . BPA has also been shown to promote genetic instability through anti-estrogenic activity (216) and upregulation of hTERT, an indicator of replicative immortality (241) . In breast cancer cell lines, BPA exposure promotes a sustained proliferative signal (230) . In other studies, tumor cell invasion and metastasis were shown to be promoted by BPA exposure (235) (236) (237) . In contrast, BPA has also been reported to induce apoptosis and cytotoxicity in HL-60 and ovarian granulosa cells (221, 222) , effects that are more consistent with an anti-cancer activity.
BPA has been extensively studied as an endocrine disruptor given its binding affinity for ERβ is greater than that of ERα. This topic has been reviewed extensively (239) . Of note is that, similar to the ambiguous relationships described earlier, ER and BPA display paradoxical effects in tumor development that are context-dependent. For example, loss of ERα promotes hepatocarcinogenesis (133) , and activation of ERβ impairs mitochondrial oxidative metabolism, thereby suppressing tumor growth (134) . The loss of ERα also showed the same effect when its mechanism was antagonized by binding to p53 in evasion of anti-growth signalling (135, 136) . The introduction of ERβ into malignant cells inhibits their growth and prevents tumor expansion by inhibiting angiogenesis (137) . In contrast, ER signalling can promote genetic instability by promoting DNA double strand breaks and chromosomal aberrations (138) . Estrogen also promotes resistance to cell death by preventing p53-dependent apoptosis, as well as stimulating cell growth and inhibiting apoptosis (139) (140) (141) . Estrogen downregulates YPEL3, a growth suppressive gene, and activates hTERT transcription and replicative immortality via binding of ligand-activated ERα (142, 143) . Ligand-bound ERs can either bind directly to estrogen response elements in the promoters of target genes or they can interact with other transcription factor complexes like Fos/Jun (AP-1-responsive elements) in sustained proliferative signalling (144) . There is also a potential crosstalk between ERβ and AR in the tumor microenvironment (150) . Plausibly, the ERβ has effects in tissue invasion and metastasis, in which ERβ ligation could protect tumor cells from acquiring aggressive epithelial to mesenchymal transition features by blocking loss of e-cadherin and translocation of β-catenin to the nucleus (145) . These paradoxical effects of ER are well known in the breast cancer field, where synthetic estrogens, for which BPA was originally studied, prevent tumorigenesis in one tissue while promoting it in another (e.g. tamoxifen in breast and endometrium, respectively) (146) (147) (148) . Short exposure to BPA induces ERα and/or ERβ loading to DNA changing target gene transcription (132, 242) .
Polybrominated diphenyl ethers
PBDEs represent another class of chemicals which have been reported to disrupt glucose and lipid metabolism (208) promote genetic instability (218) . PBDEs have been reported to be both pro-apoptotic in one context (223) yet anti-apoptotic in the presence of 17β-estradiol in the MCF7 breast tumor cell line (224) . The putative target of PBDE, iNOS, has been associated with the accumulation of p53 in a feedback mechanism that both protects the genome from DNA damage but also results in p53-mediated transrepression of iNOS (149, (152) (153) (154) . In the absence of p53 activated iNOS fails to return to basal levels due to the lack of transrepression. This may partially explain high rates of tumor development in p53 knockout mice (151) . Elevated intracellular levels of NO are genotoxic to cells and promote genetic instability (156), with strong evidence for iNOS as a contributing factor in angiogenesis and tumor invasion and metastasis-hallmarks that often occur later in tumorigenesis when p53 is more probably to be lost (155, 157, (159) (160) (161) , as well as in sustained proliferative signalling (158) . As a product of inflammation, NO plays a major role in wound healing type inflammation (i.e. a macrophage prominent inflammatory response) and acts as a permissive factor in tumor invasion and metastasis (243) .
Vinclozolin
Like BPA, vinclozolin is considered an endocrine disruptor with activity for AR as well as ER and progesterone receptor. As with most endocrine disruptors, a number of cellular and molecular activities have been attributed to vinclozolin. With regard to the cancer hallmarks, vinclozolin has been shown to promote the evasion of anti-growth signals (104), induce oxidative damage leading to inflammation, and cause DNA damage and genetic instability (217) . In rats, in utero exposure to vinclozolin for 5 days did not impair prostate gland development but decreased AR expression in the pubertal prostate. Exposed animals develop a prostatitis during puberty that has been mechanistically linked to phosphorylation and nuclear translocation of NFκB, with subsequent induction of pro-inflammatory NFκB-dependent genes (IL-8 and transforming growth factor-β1). Of note, early life exposure to vinclozolin persists into adulthood with evidence of epigenetic deregulation of NFκB, which resulted in inflammation in the prostate. Findings of heritable alterations and transgenerational effects on reproductive, immune, and neurologic systems raise concern about the transmission of new traits associated with carcinogenesis, for which little research has been conducted. In the rat prostatitis model, exposure to vinclozolin alone was insufficient for tumor development, suggesting that the exposure is not genotoxic in nature. However, like other endocrine disruptors, vinclozolin induces a spectrum of molecular and cellular effects, including increased apoptotic germ cell numbers in the testis of pubertal and adult animals (244) . Effects on NFκB, particularly if transmissible across generations, are noteworthy, given the well documented role that unrepressed NFκB plays in tumorigenesis (163, 164) . NFκB has also been reported to promote sustained proliferative signalling (167) + (163, 190) + (191) + (187) + (192) TNF-α + (193) + (194, 195) + (196) ND + (unpublished) +/− (197) (198) (199) + (163) + (200) + (201) (202) (203) + (7) Target pathways for TAI were cross-validated for effects in other cancer hallmark pathways. Targets that were found to have opposing actions in a particular hallmark (i.e. anti-carcinogenic) were noted as '−' while targets that were found to have promoting actions in a particular hallmark (i.e. carcinogenic) were noted '+' effects. In instances where reports on relevant actions in other hallmarks showed both pro-carcinogenic and anti-carcinogenic potential, +/− was used. Finally, in instances where no literature support was found to document the relevance of a target in a particular aspect of cancer biology, we documented this as not determined (ND). Table 3 . Cross-validation of disruptors in the cancer hallmarks Disruptor Deregulated metabolism (180, (204) (205) (206) (207) (208) (209) (210) Evade antigrowth signalling (104, 211, 212) Angiogenesis (213) (214) (215) Genetic instability (216, 217) , (218, 219) Immune evasion (220) Resist cell death (208, (221) (222) (223) (224) (225) (226) (227) (228) Replicative immortality at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from type inflammatory mechanism, has potent effects on the tumor microenvironment (168) . On activation, the NFκB signalling pathway decreases p53 stabilization (165) and inhibits TNFα-induced apoptosis, promoting resistance to cell death (166)-all critical hallmarks in the evolution of cancers.
Nonylphenol
As with the other endocrine disruptors, NP exerts estrogenic action and stimulates proliferation in estrogen responsive ovarian cancer PEO4 cells (219) . Derivatives of NP, such as 4-NP, exhibit genotoxic affects in Saccharomyces cerevisiae supporting a role in genetic instability (245) . In contrast, NP in other models has been shown to exhibit anti-cancer properties including triggering, inducing, or enhancing apoptosis in various tumor cells (225) . NP has been shown to induce expression of a pro-inflammatory cytokine, TNF-α, and to suppress regulatory cytokines, including IL-10, IFN-α and IFN-β (246).
The regulatory cytokine IL-6 has been linked to a number of the cancer hallmarks (247) . NP exposure that results in chronic activation of IL-6 thus, has potential to act on a number of the tumor hallmarks through local and systemic effects on metabolism (169), growth signalling (170) (171) (172) , cell death mechanisms (173) (174) (175) (176) , enhancement of replicative immortality by altering telomerase activity (177, 248) , and chronic exposure that leads to sustained proliferative signals (178) . Effects of IL-6 on tissue invasion and metastasis have been shown for a number of cancers including ovarian (179) , melanoma (179) and head and neck tumor metastasis (180) . As with NFκB, IL-6 promotes a wound healing type inflammatory response contributing suppression of immune effectors with potent effects on the tumor microenvironment, leading to greater permissiveness and tumor invasion (7).
Phthalates
Phthalates have been shown to act on a number of the cancer hallmarks, though we found no studies investigating effects on replicative immortality or tumor microenvironment. Evidence that exposure of hepatocytes to diisononyl phthalate increases proliferation, palmitoyl-CoA oxidase activity, and levels of enzymes involved in β-and ω-oxidation of fatty acids dependent on another nuclear receptor, PPARα, support effects on metabolism (214) . In addition, benzyl butyl phthalate, a common plasticizer use in manufacturing polyvinyl chloride and recognized developmental toxicant, has been shown to increase angiogenesis in vivo (238, 249) . Phthalates have been reported to promote tumor growth and invasion of cancer cells in vitro via regulation of cyclin D, PPARα and AhR (231, 232, 250) . Direct effects of phthalates on p53 have been proposed that would support effects of phthalates on evasion of anti-growth signals, though this is controversial (251, 252) . A recent study by Lee et al. (212) , reported growth promoting effects of di-n-buthyl phthalate in the LNCaP mouse xenograft model of prostate cancer that was in part mediated by reduction of Smad. This observation was similar to that observed with estradiol and was found to be reversible with an ER antagonist. These findings suggest that phthalates may act on tumor growth by disrupting important crosstalk between TGF-β and ER signals leading to evasion of anti-growth signals. In addition, exposure of human oropharangeal and nasal mucosa cells to the phthalates di-n-buthyl phthalate and diisobutyl phthalate increases DNA strand breaks and the possibility of increasing genetic instability (253) . As with a number of environmental chemicals, phthalates exhibit a wide array of both anticarcinogenic and carcinogenic activities. For example, phthalate esters induce apoptosis in bovine testicular pluripotent stem cells through an AhR-mediated mechanism (226) and inhibit tamoxifen-induced apoptosis in MCF7 human breast cancer cells (254) . Reported induction of COX-2 expression by these chemicals would support a protumorigenic action. Overexpression of COX-2 has been consistently shown to contribute to a number of the hallmarks of cancer including effects on metabolism (182), enhancement of cell motility and invasiveness (187) , promotion of resistance to pro-apoptotic activity associated with NFκB activation (188) (189) (190) . Genetic instability via chromosomal aberrations is a common phenotype associated with COX-2 overexpression (255), as is the induction of proangiogenic signaling pathways (186) , sustained proliferative signalling (191) , and effects on the tumor microenvironment (192) . Nevertheless, the effects of COX-2 are inhibited in the presence of wildtype p53 and, as with a number of the other chemicals, the effect of exposure in terms of carcinogenic potential is probably dependent on the cellular type and molecular context in which the exposure occurs (e.g. p53 wildtype or mutant background) (183) (184) (185) .
Triazine herbicides
The triazine herbicide atrazine has been extensively studied for its effects in promoting tumor immune system evasion (220) and sustained proliferative signalling via the ERα signalling pathway (233) . Atrazine significantly increases the formation of micronuclei and DNA strand breaks in erythrocytes of Carassius auratus, a model fish species (256) . Interestingly, atrazine exposure has been reported to decrease cancer by suppressing prostate carcinogenesis through metabolic deregulation that manifests as bodyweight reduction (209) . In contrast, atrazine exhibits carcinogenic effects by promoting obesity and insulin resistance by blocking the activities of oxidative phosphorylation complexes I and III (210) . The effects of atrazine on female reproductive health have been extensively studied with exposure being associated with deregulated sterodoigenesis and angiogenesis (215) . There are no studies specifically addressing anti-cancer hallmark properties, but a number of studies have demonstrated that triazine derivatives suppress replicative immortality (229, 257, 258) . For effects on inflammation, the proposed target molecule is TNFα (197) (198) (199) . An extensive body of work on TNFα supports its role in promoting evasion of anti-growth signals (158, (193) (194) (195) (196) (200) (201) (202) 259, 260) , promotion of angiogenesis (196) , direct effects on promoting myeloid suppressors cell and tumor immune system evasion (unpublished data) replicative immortality (163) , and sustained proliferative signalling (200, 260) . In addition, TNFα promotes epithelial to mesenchymal transition and tumor invasiveness in breast and colon cancer cell lines (201) (202) (203) as well as alters the local metabolic and microenvironment including promoting tumor-associated fibroblasts (7, 193) .
Future directions
While there is clearly intriguing evidence for a role of environmental chemicals to act as immune disruptors, there is a large paucity of information for how such effects on the immune system would ultimately influence individual cancer risk in humans. Given the potential transgenerational inheritance of some exposures, there are new concerns that traditional exposure association studies would entirely fail to capture any relationship between the exposure and long-term, multigenerational impacts of chemically exposed individuals. Because of the tremendous paucity of information on the role of immune disruption and risk of cancer, the co-authors identified specific areas for future research that included identifying promising novel technologies to expand our understanding of the effects of exposures, as well at Oxford Journals on July 14, 2015 http://carcin.oxfordjournals.org/ Downloaded from as, using observations from the past to guide future experimental design considerations. These have been broken down into a few key areas that, while no means comprehensive, should serve to stimulate discussion and innovation in the field.
Systematic approaches to study the role of immune disruptors (stimuli) in carcinogenesis
Given the crucial status of host tissue immune cell responses in cancer, systematic understanding of the host (resident) immune and non-immune interactions with those of recruited cells with environmental toxicants are important when deciding on accurate risk assessment formulations.
The following is a proposed list of priorities for future directions in understanding the role of environmental immune disruptors in alteration of immune dynamics, inflammation and individual cancer susceptibility.
i. Need for systematic approaches to characterize the nature of specific chemicals that would alter immune response profiles toward cellular growth and site-specific cancers. ii. Experimental models to gain a better understanding of the nature of heterogeneities in immune response profiles, since the extent of chemical exposure and access to interepithelial and sub-epithelial cells may produce significantly different outcomes. iii. More comprehensive modeling of the cumulative processes of immune disruptors (e.g. mixtures, low-doses) that promote chronic inflammation in host tissues that lead to disruption of cellular compartments in the multistep carcinogenesis toward angiogenesis and metastasis. iv. In line with item (iii), attention to time-course kinetics of developmental phases of immune response alterations during early stages of tumorigenesis and angiogenesis that might be preventable, reversible or correctable. v. Experimental constructs to identify key interactions/players between stimuli and host immune and non-immune responses in tissues considering the influence of the resident (local) and recruited cell compositions in future studies of inflammation and cancer (e.g. Kupfer myeloid cell in the liver, inflammation and HCC). vi. More complete monitoring of the early changes of immune dynamics (e.g. induction of mediators such as histamine, heparin, PGs, enzymes and neurotransmitters) that reflect important changes in early responses that include neurologic stress response effectors that are also prone to disruption by environmental chemicals as early and preventable pro-inflammation/pro-tumor targets. vii. Incorporation of information on genetic background (gene polymorphisms), sex-specific effects and life-span exposure periods as modifiers of susceptibility to environmental immune toxicants in carcinogenesis.
The hypothalmic-pituitary-adrenal axis, stress, chemicals and inflammation
Given that the hypothalmic-pituitary-adrenal (HPA) axis is an endocrine-driven system, it is highly plausible that individual chemical exposures such as atrazine and other chlorotriazine herbicides (and metabolites) may have the potential to disrupt and deregulate the immune system including the cellular makeup and chemokine/cytokine composition of the inflammatory response mechanism (261) . The HPA-axis operates in a cascade-fashion whereby relatively small secretions of corticotrophin releasing hormone in the hypothalamus result in more substantial secretions of adrenocorticotropic hormone from the pituitary leading to substantial changes in adrenal output of cortisol. The cumulative effects of combinations of low doses of endocrine-disrupting chemicals that mimic and/or impact corticotrophin releasing hormone or adrenocorticotropic hormone through indirect mechanisms are thus a concern given the impact of cortisol on a number of cytokine and chemokine molecules including macrophage migration inhibiting factor (MIF). As an example, MIF is a potent pro-inflammatory cytokine that binds to the CD74 molecule on immune cells and activates acute immune responses; coupling the HPA axis to inflammation (262, 263) . Similarly, the cumulative effects of other chemicals such as PBDE that act directly on the adrenal gland (264,265) could further; disrupt this system While transgenerational effects such as those that have been demonstrated for BPA, may act by disrupting the HPA-axis, cause adrenal abnormalities, and alter the basal levels of circulating hormones in rodent offspring exposed in utero (266, 267) . These observations strongly suggest that such chemical exposures can have longlasting and profound effects on the HPA stress axis, which in turn lead to altered sensitivity to immune perturbagens; an evolving field that has received little attention in cancer biology and risk assessment. Since MIF and a number of other HPA-induced immune molecules have been separately implicated in tumor growth and progression (268) (269) (270) (271) (272) , basic research is needed to screen and identify environmentally relevant chemicals that have disruptive potential for different aspects of the entire system. Moreover, empirical research is needed to determine whether or not low dose combinations of common chemical exposures deregulate the HPA-axis, and impact adrenal output such that MIF and other pro-inflammatory cytokines are not well controlled (i.e., instead become tumor-promoting). This is a critically important area in need of research given the consistent and unexplained higher risk of more life-threatening cancers in poor populations that experience a disproportionate burden of exposure to environmental chemicals and to stressful living conditions.
Environmental chemicals, the human microbiome, inflammation and cancer
It is increasingly clear that the human microbiome shapes the immune system and plays a major role throughout life in the health of immune responses. A question in need of further study is whether or not chemical exposures (low-dose, mixed) influence the composition of our microbiome and, if so, to what effect on our immune system and long-term cancer risk (273) .
Ongoing and planned epidemiology cohorts, environmental chemicals and cancer
There are currently several large prospective population-based cohort studies underway that will facilitate the evaluation of cancer risks from exposures to environmental contaminants that occur individually and in combination with other exposures and modifying factors. These studies include the UK Biobank, the Canadian Partnership for Tomorrow Project (CPT) and the European Prospective Investigation into Cancer and Nutrition (EPIC) (274, 275) . These studies, which are prospective in design and biomarker based, may allow for the evaluation of intermediate inflammatory effects of exposures to environmental chemicals and mixtures across genetically diverse populations and the eventual evaluation of associated cancer risks. Although sufficiently powered for the more common cancers, such as breast, lung, colorectal and prostate, it is probably that sample sizes will not be sufficient for the evaluation of risks for some of the less common cancers that may be induced or promoted via inflammatory response mechanisms. Also, given the evidence of transgenerational mechanisms of inheritance, consideration of off-spring cohorts, may ultimately prove useful and possibly necessary to establish the long-term risks of cancer with certain exposures and thought should be given to how population cohorts will translate the findings from the early life exposure evidence in experimental models to humans.
Advanced technologies in the study of environmental chemicals and cancer
There is a need to integrate more experimental platforms that facilitate the study of the dynamic and complex response of system perturbation. This is true for all the Hallmarks, as noted in the capstone that accompanies this article. One such example includes evolving techniques to study cellular protein dynamics upon stressor binding in three dimension to investigate latent stages and early stages of carcinogenesis involving inflammation, immune system evasion and/or tumor microenvironment related pathways. Combinations of high-quality imaging and high-dimension omics in complex culture systems aided by computational techniques with knowledge from pathway-based databases and structure-based virtual ligand screenings of environmental toxins (276, 277) offer systems biology approaches to assess the permutable nature of tissue/cell responses to environmental chemicals. Emerging techniques hold significant promise as results of pathway and systems perturbation will guide development of novel animal models that, perhaps coupled with live animal monitoring strategies, would promote work to obtain much needed information on immediate, early and late exposure-related effects across the human lifespan on organs and tissues including detection of subtle perturbation leading to later life cancer risk or cancer risk in subsequent generations. Success in such efforts has the potential to enhance discovery and development of novel tissue/body fluid biomarkers as surrogates for risk stratification, risk prediction and cancer surveillance in humans. Ultimately, it is imaginable that integration of such information would advance prevention by eliminating potentially harmful exposures, establishing safe exposure levels and for those adversely exposed individuals who might be particularly vulnerable, insights on disease prevention.
Summary
Here, we have provided a molecular and cellular mechanistic framework on which to consider the role of common environmental chemicals as cancer enabling through activity as immune disruptors. While limited and mixed, the experimental evidence to date strongly suggests a role for common environmental chemicals as perturbagens of key immune and non-immune cell target molecules that have been mechanistically linked with tumor-associated immune responses, tumor invasion and metastasis. These observations warrant attention given the widespread use and exposures to a number of these chemicals. This is made particularly compelling by the emerging evidence that in utero and early-life exposures may lead to disordered immune responses in adulthood and lead to heritable, epigenetic modifications in the immune responses of subsequent generations. It is important to point out, that few studies have been conducted that relate chemically induced disturbances on inflammatory to the ability of a chemical to contribute to carcinogenesis. In the absence of active research, the role of chemical exposures acting in carcinogenesis by disrupting TAI is unknown. As such, we focused on the few examples of chemicals and their putative target molecules that have been mechanistically linked with TAI. It is important to recognize that the target molecules identified here exhibit a plurality of function and derive from immune and nonimmune cells, including for example COX2, TNFα, NFκB. Many of these molecules are also overexpressed by epithelial tumor cells as well as associated immune cells in the microenvironment where they exhibit an array of cellular and molecular effectsnot all of which are to elicit an inflammatory response. This plurality probably explains the high degree of complementarity between the target molecules of environmental chemicals that we identified as important in TAI with those identified for other cancer hallmarks. The potential for action across the cancer hallmarks speaks strongly to the potential role that environmental chemicals may play in disrupting biological systems as opposed to acting on a single target molecule or single cell type. With the rate at which new chemicals have and continue to enter the human environment, the paucity of research and of innovation in methods to study the effects of chemical mixtures in systems perturbation in cancer etiology represents a significant research gap. Importantly, with the tremendous benefits that these chemicals provide to society-facilitation of mass food production and distribution, use in medicine and medical devices, clothing, jobs generation and numerous other impactful contributions to society-there is a real need to fully understand how these chemicals act on human biological. This includes conducting experiments that consider effects across the lifespan of the exposed to better clarify the role of in utero and early life exposure on cancer and other diseases for both current and future generations. More comprehensive integration of knowledge on chemical effects on and across biological systems, considering the multifactorial pathogenesis of carcinogenesis will both inform the industry and the public on the safe use of these chemicals as single agents and as they occur in complex mixtures in the environment.
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